Caragana microphylla (Leguminosae) is a dominant climax semishrub species in northern China. We evaluated genetic variation within and among populations sampled from three different environmental gradients in Horqin Sandy Land in northern China using intersimple sequence repeats markers and investigated the possible existence of relationships between genetic diversity and environmental factors. The results showed that C. microphylla have high genetic diversity, and environmental gradients affected genetic diversity of C. microphylla populations. Genetic diversity of all populations was affected by many environmental factors and as well correlated with warm index and soil Olsen phosphorus (SOP) concentration. These results have important implications for restoration and management of these degraded ecosystems in arid and semi-arid areas.
| INTRODUCTION
The environment plays an important role in evolutionary processes (Scheiner, 1993) . A recent surge of studies on plants has explicitly analyzed trait variation among and within species along environmental gradients (Hulshof et al., 2013; Read, Moorhead, Swenson, Bailey, & Sander, 2014) . Changes in environmental conditions are predicted to alter diversity within populations (Lovejoy & Hannah, 2005) , and genetic diversity is thought to play an essential role in the survival of plant populations in dynamic environments. Environmental factors affect the dynamics of species, even those with high potential for gene flow (Sork et al., 2010; Freeland, Biss, Conrad, & Silvertown, 2010) ; in turn, genetic diversity of individuals within a population can also affect a range of ecological factors (Vellend & Genber, 2005) . The interaction between genetic diversity and ecological factors has been assessed in a few population-level studies in plants (Hughes, Inouye, Johnson, Underwood, & Vellend, 2008) . Genetic variation among plant populations often occurs along different climatic gradients, such as temperature and precipitation gradients (Keller et al., 2011) . For example, several studies demonstrated significant effects of simulated climate change on species composition and genetic structure in temperate grassland ecosystems (Fridley, Grime, Askew, Moser, & Stevens, 2011; Harte & Shaw, 1995; Wu, Dijkstra, Koch, & Hungate, 2012) .
Genetic variation is nonrandomly distributed among populations and species (Nevo, 1998) , with distribution of alleles and genotypes over space and time often affected by numerous factors such as breeding system, seed dormancy and dispersal mechanism, geographic variation and range, life span and other life-history traits, natural selection, and the history of populations (population genetics, phylogeography, and landscape ecology). (Faye et al., 2016; often responsible for the patterns of genetic structure observed at small spatial scales (Sacks, Brown, & Ernest, 2004) . Range expansions characterized by short-distance dispersal result in reduced genetic diversity in populations at the expanding range front, because these populations suffer from sequential founding events and genetic drift (Austerlitz, Jung, Godelle, & Gouyon, 1997) . Moreover, projections of increased temperatures, more frequent droughts, habitat fragmentation, and declining population size indicate that it is questionable whether many plant species will be able persist in their current distributions under such conditions (Richter et al., 2012) . Environmental tolerance or local adaptation might allow some species to persist in parts of their current range; other species, even if currently protected, will survive only by colonizing newly suitable areas (Araújo, Cabeza, Thuiller, Hannah, & Williams, 2004) .
Horqin Sandy Land is located in the agropastoral transitional zone between the Inner Mongolian Plateau and the Northeast Plains (42°41′-45°45′N, 118°35′-123°30′E) and is one of the four largest sandy areas in northern China; it covers an area of approximately 139,300 km 2 , which had been desertified sandy land area up to 71,884 km 2 of which is desertified sandy land (Wang, 2003; Zhao, Zhao, & Zhang, 2003) . Landscape in this area is characterized by sand dunes that alternate with gently undulating lowland areas (Li, Zhang, Duan, & Kang, 2005) . This area belongs to the continental semi-arid monsoon climate and is in the temperate zone, with a mean annual temperature (AMT) of 3-7°C and mean annual rainfall (AP) of 350-500 mm (Zhao et al., 2003) . Over recent decades, this region has undergone severe desertification (Li, Zhao, Zhang, Zhang, & Shirato, 2004; Li et al., 2000) and has displayed the northern moving phenomenon of the interlocked agropasturing area of north China in the most recent hundred years (Zhao, Zhao, & Zhang, 2000; Zhao, Zhao, Zhang, & Zhou, 2002) .
Caragana microphylla (Leguminosae) is a climax and dominant sand-fixing shrub species native to northern China; it is an important component of vegetation rehabilitation efforts in the northern China, because it has several highly valuable ecological traits, which include high drought tolerance, antiwind erosion properties, and N 2 -fixation capacity (Han, Wang, & Gao, 2011; Zhang et al., 2009; Zhao, 2005) , and it is widely planted throughout severely desertified sites to control land desertification in northern China (Su, Zhang, Li, & Wang, 2005; Zhang, Su, Cui, Zhang, & Chang, 2006) . Caragana microphylla is distributed in semifixed and fixed sand dunes, and Horqin Sandy Land is the main distribution regions. A unique set of conditions with respect to precipitation and temperature are found in northern China, and Inner Mongolia characterizes the main portion of this species' distribution (Fu, 1993) . Caragana microphylla is longlived, perennial, insect-pollinated, has seed-based reproduction, and has a broad ecological amplitude (Fu, 1993) . Previous studies on C. microphylla have focused on aspects of population distribution patterns and ecological adaptations (Zhao, 2005) , morphological characteristics and variations (Li, Jiang, Gu, Ma, & Gao, 2008) , physiological adaptations (Li et al., 2008; Ma, Gao, Liu, Wang, & Guo, 2003) , nutrient absorption (Li, Chen, Cui, Zhao, & Zhang, 2013) , and genetic diversity (Guo et al., 2008; Huang, Zhao, Zhao, Li, & Pan, 2016; Huang et al., 2013) . However, the relationship between C. microphylla genetic diversity and environmental gradients has not yet been reported.
The association between genetic and environmental gradients is well-established evidence of natural selection (Endler, 1986; Manel et al., 2010) . In this study, we assessed C. microphylla population genetic variation in different environmental gradients in Horqin Sandy Land using intersimple sequence repeat (ISSR) markers. We used the canonical approach to investigate the potential association between genetic variation and environment, based on correlation analysis between a measure of genetic diversity and environmental variables (Vasemägi & Primmer, 2005) .
The aim was to find out how to respond to environmental conditions change in genetic diversity of C. microphylla. In this article, we explore these hypotheses using ISSR markers and environmental data and provide more information on the genetic diversity of C. microphylla in Horqin Sandy Land, which might be applicable in restoration and management of degraded ecosystems in arid and semiarid regions.
| MATERIALS AND METHODS

| Sampling
A total of 260 individuals were sampled from 20 natural C. microphylla populations. We sampled 13 individuals from each population ( where t = month, r t = monthly rainfall, and T t = monthly mean temperature (Bailey, 1979) .
This study evaluated three environmental gradients. At each location, a composite soil sample from three depths (0-10, 10-20, and 20-30 cm) was collected from nine sampling points. Soil samples were air-dried and hand-sieved through a 2-mm screen to remove roots and other debris. A portion of each air-dried soil sample 
T A B L E 2 Climatic factors value (average ± SD) for the 20 population sites from the Horqin Sandy Land, obtained from China Meteorological Administration
Population Location AMT (±SD) (°C) ART (±SD) (°C) WI (±SD) (°C) CI (±SD) (°C) AP (±SD) (mm) S (±SD)
Pop1-Pop5 Naiman 7.5 ± 0.4 36.1 ± 1.8 56.3 ± 6.7 86.2 ± 0.3 269.9 ± 40.2 21.8 ± 1.9
Pop6-Pop9
Horqin Left Wing Rear 6.9 ± 0.6 38.5 ± 2.3 60.4 ± 7.2 80.4 ± 2.8 448.1 ± 39.7 36.1 ± 0.5
Pop10-Pop12 Jarnd 6.6 ± 0.5 36.5 ± 2.3 61.2 ± 4.2 80.2 ± 8.5 382.5 ± 145.9 29.8 ± 9.7
Pop13-Pop16 Ar Horqin 5.9 ± 0.8 35.9 ± 2.0 74.7 ± 6.4 64.0 ± 4.7 369.7 ± 121.6 30.2 ± 9.9
Pop17-Pop20 Ongniud 6.4 ± 0.5 34.7 ± 4.5 58.7 ± 3.7 75.7 ± 6.6 369.9 ± 102.3 31.3 ± 9.1 AMT, mean annual temperature; ART, annual temperature range; WI, warm index; CI, cold index; AP, mean annual rainfall; S, hydrothermal synthesis index.
was ground to pass a 0.1-mm mesh for soil nutrient analyses (Table 3) .
Soil organic carbon (SOC) concentration was determined using the Walkley-Black dichromate oxidation procedure (Nelson & Sommers, 1982) . Soil available nitrogen (SAN) was determined using the alkaline diffusion method, and soil Olsen phosphorus (SOP) was determined using the Olsen method (Olsen, Cole, Watanabe, & Dean, 1954) .
Young healthy leaves were arbitrarily sampled from plants spaced at least 30 m apart and immediately stored with silica gel in ziplock plastic bags for later DNA extraction.
| DNA extraction and ISSR-PCR amplification
Total DNA was extracted using an AxyPrep genomic DNA mini kit (Axygen, Beijing, China). DNA was quantified spectrophotometrically;
samples that yielded high quantities of good-quality DNA were used in consecutive experiments. After screening 100 ISSR primers from the University of British Columbia (UBC primer set no. 9) for wellamplified and polymorphic bands among plant populations, we se- Table 4 for details), and 2 min at 72°C, and a final 7-min extension step at 72°C. ISSR reactions were performed at least twice for all individuals and primers to determine the reproducibility of banding patterns.
Amplification products along with a 100-bp DNA ladder were electrophoretically resolved on 1.8% agarose gels that contained ethidium bromide (0.5 μg/ml final concentration) at 100 V for 2 hr and were photographed under ultraviolet light.
| Data analysis
During analysis of the resulting gels, only clear and reproducible bands were considered. Amplified fragments were scored for the presence (1) or absence (0) of bands, and the data transformed into a 0/1 binary character matrix. The resulting binary data matrix was analyzed using POPGENE version 1.32 (Yeh & Yang, 1999) . Genetic Redundancy analysis (RDA) was used to determine the relative contribution of the measured environmental variables to genetic diversity indices of C. microphylla. Data were first analyzed by detrended correspondence analysis, which indicated that RDA was an appropriate approach (gradient length <3). To avoid overfitting in the regression model due to the large number of explanatory variables, the most discriminating variables were selected using the "forward selection" procedure of the program during analysis. Genetic diversity 
| RESULTS
| ISSR profiles and genetic diversity
Intersimple sequence repeat band profiles revealed high levels of polymorphism in the surveyed C. microphylla populations. The 15 selected ISSR primers generated a total of 288 clear and distinguishable fragment bands, of which 269 (93.40%) were polymorphic.
The size of the amplified fragments ranged from 100 to 2,000 bp, with 19.2 fragments generated on average per primer. The greatest number of bands was generated with the primer UBC842. The least number of bands was generated from the primer UBC848. The percentage of polymorphic bands ranged from 84.21% to 100%.
The highest percentage of polymorphic bands was generated with the primers UBC807, UBC827, UBC848, and UBC864. The lowest percentage of polymorphic bands was generated with the primer UBC810 (Table 4) .
Calculated genetic diversities within and among the 20 C. microphylla populations are given in Table 5 . The number of polymorphic loci (n) ranged from 19 to 121, and P ranged from 6.60% to 42.01%. N a varied from 1.0660 to 1.4201; N e ranged from 1.0385 to 1.3116. h and I values were 0.0233-0.1702 and 0.0352-0.2486, respectively. The highest genetic diversity indices were in population 15, and the lowest genetic diversity values were in population 4. At the species level, h was 0.3365, and I was 0.5041 (Table 5) .
AMOVA showed that most of the variation (>88.94%) was within populations (Table 6 ).
| Pattern of population genetic and its correlation with environmental gradients
Genetic diversity of C. microphylla populations from different environmental gradients is given in Table 7 . Along the habitat gradients, 
| Correlation between climatic variation and genetic variation
Genetic diversity of the 20 C. microphylla populations from Horqin Sandy Land was influenced by the following climatic factors: AMT, ART, WI, CI, AP, and S (Figure 2) . Correlation analyses 
evidenced that there were positive (WI, AP, and S) and negative (AMT and CI) correlations between genetic diversity indices of C. microphylla populations and climatic factors (Figure 2 ). RDA showed that the six climate environmental variables (AMT, ART, AP, CI, WI, and S) together explained 78.4% of the total variation in the data, with axes 1 and 2 explaining 69.3% and 9.1% of the total variation, respectively (Figure 2 other climate factors that were not considered in this study also contribute to the unexplained variation, and WI was the major factor that affected genetic diversity. AMOVA showed that significant genetic differences were detected between the three groups defined as WI conditions, with the variance among groups being 8.71% (p = .005) (Table 6 ). n, the number of polymorphic loci; P, the percentage of polymorphic loci; N a , observed number of alleles; N e , effective number of alleles; h, Nei's gene diversity; I, Shannon's information index. sult indicates that some other soil factors that were not considered in this study also contribute to the unexplained variation. SOP was the major factor that affects genetic diversity. AMOVA showed that significant genetic differences were detected between the three groups defined as SOP conditions, with the variance among groups being 8.65% (p = .004) ( Table 6 ).
T A B L E 5 Genetic diversity indices of Caragana microphylla populations
Source of variation df
Percentage
| DISCUSSION
| Genetic variation
Genetic diversity of a species is dynamic and shaped by processes that act on widely different spatial and temporal scales. Assessing genetic variation is thus an important component of plant conservation and ecological restoration. In our study, C. microphylla generally exhibited high levels of genetic diversity. At the species level, the value of h estimated in our study for C. microphylla, 0.3365, is higher than that reported from RAPD markers for Stipa grandis from Inner Mongolia (0.2305) (Zhao, Gao, Wang, & Ren, 2008) . In C. microphylla, we calculated a value of 0.5041 for I; this is higher than the mean I value for outcrossing species produced by Bussell (1999) . Compared with previous study, all values of genetic diversity indices estimated in C. microphylla in Horqin Sandy
Land are higher than those reported in northern China based on ISSR analysis . These differences came from scale differ- areas. The genetic diversity indices estimated in this study are higher than plantation populations (Huang et al., 2013) . Several reports have indicated that the genetic diversity of natural populations was higher compared with other population type (Chen, Gao, Zhu, & Zhao, 2009; Xue, Liu, & Liu, 1998) . But other authors (Hamrick & Godt, 1990; Nybom & Bartish, 2000) noted that levels of genetic variation are strongly dependent on plant life form, geographic range, pollen dispersal mechanisms, and natural selection. Caragana microphylla are long-lived, perennial, undergo wind pollination, have seed-based reproduction, and have a broad ecological amplitude. Based on the findings of previous reports, this combination of traits should enable this species to achieve high genetic diversity (Babbel & Selander, 1974; Ge, Wang, Hong, Zhang, & Zu, 1999; Pearse, Crandall, & Beyond, 2004) . Caragana microphylla does exhibit high levels of genetic diversity, and this characteristic may have contributed to it being a dominant species in northern China.
| Correlation between genetic variation and environmental gradients
Along the habitat gradient, C. microphylla populations from fixedstate sand dunes (fixed sand dune and lowlands between fixed sand dunes) had greater genetic diversity than those from mobile-state sand dunes (mobile sand dunes and lowlands between mobile sand dunes), based on a variety of genetic diversity indices. These results showed that habitat environment change affected genetic diversity of C. microphylla populations, which is consistent with the results about Artemisia halodendron (Huang et al., 2011) . These genetic differences between the two types of habitats exhibited that species adapted to the process of desertification land restoration in Horqin Sandy Land, northeast China (Zhao et al., , 2003 . This fact might be due to improved soil environments and microclimatic conditions in fixedstate sand dunes, and individual shrubs were more concentrated than populations from mobile-state sand dunes, leading to pollen exchange.
In our study, population genetic diversity of C. microphylla was not well correlated with the temperature gradient in Horqin Sandy Land, northeast China. Populations from the high-temperature region had lower genetic diversity than those from medium-and lowtemperature regions. However, these results were not consistent with the results of C. microphylla at relatively smaller geographic distances in Horqin Sandy Land (Huang et al., 2015) , which showed that F I G U R E 1 Sampling sites of 20 populations of Caragana microphylla in Horqin Sandy Land F I G U R E 2 Correlation coefficients between genetic diversity of 20 Caragana microphylla populations and climatic factors F I G U R E 3 Correlation coefficients between genetic diversity of 20 Caragana microphylla populations and soil factors increased temperature, geographical distance, and population size affected genetic diversity of C. microphylla populations. Our data show that C. microphylla population genetic diversity is related to humidity gradients. Populations from the high-humidity region had higher genetic diversity than those from the medium-and low-humidity regions region. These results showed that genetic diversity of C. microphylla populations was reflected by humidity conditions at a small scale in northern China. These results indicate that desert plants would be able to adapt to an increase in humidity; therefore, genetic differentiation of species would be expected to increase as a result of adaptation (Wang et al., 2009 ).
| Correlation between environmental and genetic data
Ecological and environmental factors can play roles in shaping genetic diversity patterns (Gaggiotti et al., 2009) . With regard to the whole ecosystem, relationships between genomes and environmental factors (e.g., temperature factors, humidity factors, and soil factors) are considered important components of ecological research (Li & Peng, 2001 ). In our study, correlation analysis revealed a positive association between genetic diversity of C. microphylla and most environmental factors (WI, AP, S, SOC, SAN, and SOP). However, there were negative associations between genetic diversity and a couple of environmental factors (AMT and CI). This result reflected that genetic diversity of C. microphylla was restrained by AMT and CI. This result is not consistent with the previously reported relationship between ISSR diversity and AMT in A. halodendron from Horqin Sandy Land (Huang et al. 2014) . Our study revealed that WI and SOP were the major environmental factors that affected genetic diversity indices of the 20 studied C. microphylla populations, which indicates that genetic variation in C. microphylla primarily depends on a greater than 5°C monthly mean temperature and SOP concentration. This result is not consistent with the previously reported relationship between ISSR diversity and environmental factors in C. microphylla from northern China (AP and CI were the major environmental factors that affected genetic diversity indices) . This suggests that AP and CI were the major environmental factors that affected genetic diversity indices in C. microphylla on the large-scale field, and WI was the major environmental factors on the small-scale field. Relevant report found that SAN, SOP, and SAN/SOP contents can exert a chemical control over the evolution of species through changing an organism's rate of growth, or an adaptation to each situation of SAN/SOP (Acquisti, Elser, & Kumar, 2009 ). However, evaluation of other environmental factors that impact plant population genetic diversity requires further research.
